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ABSTRACT 
HEAT ASSIMILATIVE CAPACITY OF THE SANGAMOM RIVER 
A s t a n d a r d  p r o c e d u r e  f o r  d e t e r m i n i n g  t h e  d i s t r i b u t i o n  and  
v a r i a t i o n  o f  t h e  h e a t  a s s i m i l a t i v e  c a p a c i t y  o f  a  r i v e r  h a s  been 
d e v e l o ~ e d .  H y d r a u l i c  ceomet ry  e q u a t i o n s  f o r  t h e  Sangamon R i v e r  
B a s i n  a r e  u sed  t o  p r o v i d e  t h e  n e c e s s a r y  h y d r a u l i c  i n f o r m a t i o n .  
T h i s  s t u d y  i n d i c a t e s  t h a t  t h e  t o t a l  h e a t  a s s i m i l a t i v e  c a p a c i t y  
o f  a  r i v e r  depends  on t h e  l o c a t i o n  c f  power p l a n t s ,  r e s i d u a l  
t e m p e r a t u r e ,  f l o w  f r e q u e n c y ,  and s e a s o n a l  v a r i a t i c n  o f  w a t e r  
t e m p e r a t u r e  and wind s p e e d .  
Water t e m p e r a t u r e  d a t a  f rom 18   aging s t a t i o n s  i n  t h e  
Sany~amon R i v e r  B a s i n  and wind speed  d a t a  from 5 w e a t h e r  s t a t i o n s .  
i n  o r  n e a r  t h e  b a s i n  a r e  used  t o  d e t e r m i n e  t h e  s u r f a c e  t r a n s f e r  
c o e f f i c i e n t  f o r  e x c e s s  h e a t  a l o n g  t h e  Sanqamon R i v e r .  T h i s  
c o e f f i c i e n t  c a n  be app rox ima ted  by f o u r  e q u a t i o n s  f o r  d i f f e r e n t  
r a n q e s  o f  wind s p e e d .  An a n a l y s i s  o f  t h e  c o s t - c a p a c i t y  r e -  
l a t i o n s h i p s  f o r  2 9  power p l a n t s  i n d i c a t e s  t h a t  t h e  c o s t  p e r  
k i l o w a t t  o f  power o u t p u t  d e c r e a s e s  w i t h  i n c r e a s i n g  power p l a n t  
c a p a c i t y .  
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INTRODUCTION 
A s u r v e y  made b y  t h e  F e d e r a l  Power Commission ( 1 9 7 1 )  
i n d i c a t e s  t h a t  the e l e c t r i c  e n e r c y  consumpt ion  f o r  I l l i n o i s ,  a s  
w e l l  a s  t h e  U n i t e d  S t a t e s ,  w i l l  d o u b l e  e v e r y  t e n  y e a r s .  On t h e  
ave ra ,qe ,  f o r  e a c h  k i l o w a t t - h o u r  o f  e l e c t r i c  e n e r p y  p roduced  i n  
a f o s s i l  f u e l  power p l a n t ,  t w o - t h i r d s  o f  t h e  h e a t  p roduced  i s  
w a s t e  t h a t  must be  d i s s i p a t e d .  The s i m p l e s t  method of  d j s p o s - l n q  
t h i s  w a s t e  h e a t  a l o n g  a  r i v e r  i s  t o  d i s c h a r c e  i t  d i r e c t l y  t o  t h e  
w a t e r  and l e t  n a t u r a l  p r o c e s s e s  brine t h e  w a t e r  back t o  i t s  
n a t u r a l  t e m p e r a t u r e .  T h i s  r e p o r t  i s  a  p i l o t  s t u d y  t o  d e v e l o p  a  
s t a n d a r d  p r o c e d u r e  f o r  d e t e r m i n i n g  t h e  d i s t r l b u t i o n  and  v a r i a t i o n  
o f  t h e  h e a t  a s s i m i l a t i v e  capzfc i ty  o f  t h e  Sancamon R i v e r .  
The t o t a l  h e a t  a s s i m i l a t i v e  c a p a c i t y  o f  a  r i v e r  depends  on 
i t s  c l i r n a t i c  and h y d r a u l i c  c o n d i t i o n s  as w e l l  a s  l o c a t i o n s  of  
power p l a n t s  and a l l o w a b l e  e x c e s s  t e m p e r a t u r e .  F o r  a ~ 7 i v e n  f l o w  
f r e q u e n c y  and  al1owabl .e  e x c e s s  t e m p e r a t u r e ,  t h e  l o c a t i o n s  of  
power p l a n t s  a l o n z  t h e  Sanqamon River  and  t h e i r  a l l o w a b l e  capac -  
i t ; i e s  c a n  be  d e t e r m i n e d .  I l y d r a u l i c  and w a t e r  t e m p e r a t u r e  d a t a  
c o l l e c t e d  by t h e  U.S. G e o l o g i c a l  Su rvey  a t  1 8  s t r e a m  y a ~ i n r ?  
s t a t i o n s  and wind speed  measurements  b y  t h e  U.S. Weather  13ureau 
a t  5 w e a t h e r  s t a t i o n s  a r e  used  i n  t h i s  s t u d y .  
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BACKGROUND 
Excess  Temperature Decay 
The h e a t  a s s i m i l a t i v e  c a p a c i t y  H of a s t r e a m  a t  a g iven  
l o c a t i o n  f o r  a g i v e n  w a t e r  d i s c h a r g e  & and an a l l o w a b l e  e x c e s s  
t e m p e r a t u r e  Teo above t h e  n a t u r a l  w a t e r  t e m p e r a t u r e  i s  
I f  t h e  i n - p l a n t  h e a t  l o s s  i s  assumed t o  be 5  p e r c e n t ,  and t h e  
t h e r m a l  e f f i c i e n c y  i s  3 3  p e r c e n t ,  t h e n  6410 Btu of  was te  h e a t  i s  
d i s c h a r g e d  t o  w a t e r  f o r  e a c h  k i l o w a t t - h o u r  o u t p u t  from a f o s s i l  
f u e l  power p l a n t  ( F e d e r a l  Water P o l l u t i o n  C o n t r o l  A d m i n i s t r a t i o n ,  
1 9 6 8 ) .  I f  t h e r e  i s  no c o o l i n g  pond n o r  c o o l i n g  t o w e r ,  t h e  a l low-  
a b l e  power p l a n t  c a p a c i t y  KW i s  
The maximum a l l o w a b l e  e x c e s s  t e m p e r a t u r e  T s e t  by t h e  Environ- 
menta l  P r o t e c t i o n  Agency of  I l l i n o i s  (1972g0is  5OF, p r o v i d e d  t h a t  
t h e  w a t e r  t e m p e r a t u r e  w i l l  n o t  exceed 90°F a f t e r  r e c e i v i n g  t h e  
was te  h e a t .  
The h e a t  d i s p o s a l  problem i n  a s t r e a m  can  be d i v i d e d  i n t o  
two zones (Ed inger ,  1 9 6 9 ) :  1) t h e  i n i t i a l  mixing,  and 2 )  t h e  
a t m o s p h e r i c  c o o l i n g .  The l e n g t h  o f  t h e  mixing  zone i s  r e l a t i v e l y  
s h o r t  and can  be n e g l e c t e d .  The r a t e  o f  w a t e r  t e m p e r a t u r e  decay 
downstream from a  power p l a n t  w i l l  d e t e r m i n e  t h e  l o c a t i o n  and 
c a p a c i t y  o f  t h e  n e x t  power p l a n t .  The t r a d i t i o n a l  approach  f o r  
t h e  p r e d i c t i o n  of  t e m p e r a t u r e  decay a f t e r  i n i t i a l  mixing  i s  t o  
d e t e r m i n e  t h e  e q u i l i b r i u m  t e m p e r a t u r e  by a n  e x p o n e n t i a l  decay 
f u n c t i o n  ( E d i n g e r  and Geyer,  1 9 6 5 ) .  The e q u i l i b r i u m  t e m p e r a t u r e  
i s  a complex f u n c t i o n  o f  c l i m a t i c  f a c t o r s .  The COLHEAT model 
(Hanford E n g i n e e r i n g  Development L a b o r a t o r y ,  1972;  P e t e r s o n  
e t  a l ,  1973) i s  based on t h i s  e q u i l i b r i u m  t e m p e r a t u r e  c o n c e p t .  
Recent  s t u d i e s  by Jobson  (1973)  and Yotsukura e t  a l .  (1973) 
i n d i c a t e  t h a t  t h e  e x c e s s  t e m p e r a t u r e  caused  by man's  i n t e r -  
f e r e n c e  w i t h  n a t u r a l  c o n d i t i o n s  i s  a b e t t e r  p a r a m e t e r  t h a n  t h e  
e q u i l i b r i u m  t e m p e r a t d e  f o r  d e t e r m i n i n g  t h e  t e m p e r a t u r e  decay.  
The e x c e s s  t e m p e r a t u r e  T  a t  a d i s t a n c e  X downstream from 
t h e  p o i n t  o f  i n i t i a l  i n t r o d u c t f o n  o f  a l l o w a b l e  e x c e s s  t e m p e r a t u r e  
can  be e x p r e s s e d  by 
- 
Te - exp - ( D X / U Z )  
where D i s  t h e  s u r f a c e  t r a n s f e r  c o e f f i c i e n t  f o r  e x c e s s  h e a t ,  U i s  
t h e  a v e r a g e  f low v e l o c i t y ,  and Z i s  t h e  a v e r a g e  w a t e r  d e p t h .  
T h e o r e t i c a l l y ,  t h e  t r a n s f e r  c o e f f i c i e n t  D s h o u l d  be r e l a t e d  t o  
back  r a d i a t i o n ,  e v a p o r a t i o n ,  c o n d u c t i o n ,  and a d v e c t i o n  by eva- 
p o r a t e d  w a t e r .  Yet t h e  c a l c u l a t e d  r e s u l t  by Jobson  (1973)  
i n d i c a t e s  t h a t  t h e  t r a n s f e r  c o e f f i c i e n t  i s  n o t  s e n s i t i v e  t o  
changes  i n  a tmospher i c  c o n d i t i o n s .  Jobson  shows t h a t  t h e  t r a n s -  
f e r  c o e f f i c i e n t  i s  mainly  a f u n c t i o n  of  wind speed  and n a t u r a l  
w a t e r  temper8ature .  The advan tage  o f  u s i n g  t h e  new e x c e s s  tem- 
p e r a t u r e  approach  r a t h e r  t h a n  t h e  t r a d i t i o n a l  e q u i l i b r i u m  tem- 
p e r a t u r e  approach was d i s c u s s e d  i n  d e t a i l  by P a i l y  e t  a l .  (1974)  
and t h e  new approach i s  used  i n  t h i s  s t u d y .  
Hydrau l i c  Geometry 
The s t u d y  o f  h y d r a u l i c  geometry of  I l l i n o i s  s t r e a m s  by 
S t a l l  and  Fok (1968)  showed a c o n s i s t e n t  p a t t e r n  w i t h i n  a r i v e r  
b a s i n  between h y d r a u l i c  geometry,  f low f requency  F, and d r a i n a g e  
a r e a  A . The h y d r a u l i c  geometry e q u a t i o n s  were f u r t h e r  v e r i f i e d  
by stag1 and Yang (1970)  f o r  12  r i v e r  b a s i n s  i n  t h e  Uni ted  S t a t e s .  
The h y d r a u l i c  geometry i n c l u d e s  w a t e r  d i s c h a r g e  Q i n  c u b i c  f e e t  
p e r  second,  a v e r a g e  v e l o c i t y  U i n  f e e t  p e r  secnnd,  a v e r a g e  d e p t h  
Z i n  f e e t ,  channe l  wid th  W i n  f e e t ,  and c h a n n e l  c r o s s - s e c t i o n a l  
a r e a  A i n  s q u a r e  f e e t .  The d i s c h a r g e ,  v e l o c i t y ,  and d e p t h  f o r  
t h e  Sangamon R i v e r  Bas in  i n  I l l i n o i s  c a n  be  e x p r e s s e d  by 
e q u a t i o n s  4 ,  5 ,  and 6 ,  r e s p e c t i v e l y  ( S t a l l  and Yang, 1 9 7 0 ) .  
The a l l o w a b l e  power p l a n t  c a p a c i t y  KW a t  a d i s t a n c e  X down 
s t r e a m  f rom t h e  p o i n t  o f  i n i t i a l  i n t r o d u c t i o n  o f  e x c e s s  h e a t  c a n  
be e x p r e s s e d  as a f u n c t i o n  o f  f l ow f r e q u e n c y ,  d r a i n a g e  a r e a ,  and  
a l l o w a b l e  e x c e s s  t e m p e r a t u r e  w i t h  t h e  u s e  of e q u a t i o n s  2 t h r o u g h  
6 ,  a f t e r  t h e  s u r f a c e  t r a n s f e r  c o e f f i c i e n t  f o r  e x c e s s  h e a t  D has 
been d e t e r m i n e d .  
DATA 
Water Tempera tu re  
F i g u r e  1 shows t h e  1 8  s t r e a m  g a g i n g  s t a t i o n s  i n  t h e  Sangamon 
n i v e r  B a s i n ,  i d e n t i f i e d  by t h e i r  U.S. G e o l o g i c a l  Su rvey  gag in^ 
s t a t i o n  numbers .  Water  t e m p e r a t u r e  a t  t h e s e  s t a t i o n s  i s  measured 
by t h e  U.S. G e o l o g i c a l  Survey  whenever  a  d i s c h a r g e  measurement i s  
made. These  u n p u b l i s h e d  t e m p e r a t u r e  d a t a  c a n  b e  found  a t  t h e  
U.S. G e o l o g i c a l  Survey  D i s t r i c t  O f f i c e  i n  Champaiyn, I l l i n o i s .  
The month ly  low,  mean, and  h i g h  w a t e r  t e m p e r a t u r e s  a t  e a c h  f l ag in3  
s t a t i o n  a r e  summarized i n  t a b l e  1. The v a r i a t i o n s  o f  w a t e r  
t e m p e r a t u r e  a t  t h e s e  g a q i n g  s t a t i o n s  a r e  shown i n  t h e  a p p e n d i x .  
The month ly  a v e r a p e  w a t e r  t e m p e r a t u r e  f o r  7 s t a t i o n s  a l o n g  o r  n e a r  
t h e  main s t em o f  t h e  S a n ~ a m o n  R i v e r  a r e  p l o t t e d  on f i g u r e  2 .  
These  d a t a  a r e  f i t t e d  by smooth c u r v e s  t o  show t h e  v a r i a t i o n  o f  
month ly  mean w a t e r  t e m p e r a t u r e  a s  a f u n c t i o n  o f  t h e  l o c a t i o n  of  
s t a t i o n s  a l o n g  t h e  main s tem o f  t h e  Sangamon R i v e r .  
Wind Speed 
The l o c a t i o n s  o f  5 w e a t h e r  s t a t i o n s  i n  o r  n e a r  t h e  Sangamon 
R l v e r  B a s i n  a r e  shown i n  f i g u r e  1. Wind s p e e d s  a t  t h e s e  s t a t i o n s  
a r e  measured d a i l y  by t h e  U.S. Weather  Bureau and  r e s u l t s  a r e  
p u b l i s h e d  a n n u a l l y  by t h e  U.S. Depar tment  o f  Commerce. These  
d a t a  a r e  measured a t  d i f f e r e n t  h e i g h t s  above  ground l e v e l .  I n  
o r d e r  t o  compare them i t  i s  n e c e s s a r y  t o  f i n d  o u t  t h e i r  c o r r e -  
s p o n d i n c  v a l u e s  a t  a  common h e i g h t  above  round l e v e l .  T h i s  can  
be done by t h e  u s e  o f  Nordenson ' s  (1962)  e q u a t i o n  
where Ual  i s  t h e  wind speed  i n  miles p e r  hour  a t  pan  anemometer 
h e i z h t ,  U a 2  i s  t h e  wind speed  i n  m i l e s  p e r  h o u r  a t  w e a t h e r  
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ayq JO maqs uy-em ayq 2uoy-e suoyqeqs q-e 
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Table 1. Flater Temperatures ( i n  OC) a t  stream gag- 
s ta t ions  i n  t h e  Sangamon River Basin 
Jan Feb Mar APr P ~ Y  Jun J u l  AX SeP Oct Nov Dec 
55710 Sawamon River a t  Mahcmet 
(9  years 19651973) 
low 0 0 2.0 6. 0 11.0 14.0 18.0 20.0 14.0 9.0 3.0 0 
mean 0.4 1 .4  3.9 11.0 1 4 . 4  20.6 22.3 22.2 19.7 15.6 10.5 2.9 
hi& 2.0 8.0 8.0 17.0 18.0 28.0 27.0 2 4 .  24.0 17.0 13.0 8.0 
55720 Sangamon River a t  Monticello 
( 12 years 1959-1961 19651973 
low 0 0 0 1.0 11.0 
mean 0.8 2.1 6.0 13.0 16.9 
high 3.0 5.0 14.0 18.0 25.0 
55724.5  Friends Creek a t  Argenta 
(6  years 1968-1973) 
low 0 o 2.0 6.0 13.0 
mean 0.3 1 . 4  5.6 9.2 14.2 
high 1.0 5.0 10.0 13.0 16.0 
55725  Sangamon River near Oafley 
( 5  years 1969-1973) 
low 2.0 0 2.0 7.0 12.0 
mean 2.7 2.3 5.6 11.7 15.6 
high 4.0 7.0 10.0 14.0 19.0 
55740 South Fork Sangamon River near Nokmis 
(7  years  19651966 1968-1972) 
low 0 0 1.0 10.0 15.0 
mean 1.3 1.7 7.0 13.0 19.8 
high 6.0 5.0 17.0 18.0 28.0 
55745 F l a t  l3ranch near Taylorvi l le  
( 9  years  19651973) 
low 0 0 2.0 7 0 9.0 
mean 1 .5  1 .9  6.9 11.2 16.8 
high 4.0 5.0 15.0 lh.0 21.0 
55758  l ~ o r s e  Creek at Pawnee 
(6  years  1969-1973 
10~1 0 0.7 3.0 9.0 13.0 
mean 1;2 1.5 5.3 11.2 17.4 
high 3.0 11.0 10.0 13.0 21.0 
54759 Iiorse C ~ e e k  near Rochester 
(4 years 1968-1971) 
10~1 0 1.0 3.0 7.0 14.0 
mean 0.4 1.3 4.8 12.0 20.7 
high 1.0 2.0 7.0 16.0 27.0 
55760 South Fork Sawamon River near Rochester 
( 9  years 19651973) 
lov1 0 0 2.0 7.0 13.0 17.0 20.0 21.0 16.0 9.0 6.0 1.0 
mean 0.9 1 .6  5.3 12.5 17.0 22.0 23.6 22.7 21.0 13.6 8.0 2.4 
high 2.0 4.0 8.0 17.0 22.0 24.0 32.0 24.0 25.0 20.0 10.0 3.0 
' Table 1 (continued) 
J an  Peb r h r  APT Jun J u l  Auf: S ~ P  Oct Nov Dec 
55775  Spring Creek at Springfield 
( 7  years  19651966 & 1969-1973) 
low 0 0 3.0 4.0 
mean 0.7 1 . 4  5.4 10.2 
high 1.0 5.0 7.0 16.0 
5-5785 S a l t  Creek near  Rowel1 
(9  years  1965-1973) 
low O O 1.0 5.0 
mean 0.8 1.3 4.7 10.6 
high 4.0 3.0 10.0 18.0 
55795  Lake Pork near Cornlarxl 
( 5  years 19651966 & 1969-1971) 
low 0 0 2.0 6.0 
mean 0.5 2.1 5.4 10.1 
high 1.0 4.0 8.0 12.0 
5-5800 I-~ickapoo Creek at Waynesvllle 
( 5  s ea r s  1969-1973) 
1 0 0 1 2 11.0 
mean 1 .5  0 9 4.3 8.3 13.3 
high 6.0 2.0 9.0 15.0 17.0 
55805 00 Kickapoo Creek near  Lincoln 
(4  years 1966 & 1969-1971) 
low 0 O 2.0 5.0 11.0 
mean 2.0 1 .5  7.8 8.0 14.8 
high 6.0 3.0 14.0 15.0 18. 0 
55815  00 Sugar Creek near ~iartsburl :  
( 3  Years 1969-1971) 
low 0 0 1.0 4.0 12.0 
mean 2.7 1.3 5.1, 8.5 16.0 
high 7.0 2.0 12.0 16.0 19.0 
55820 S a l t  Creek near Greenview 
(7 years 19651966 & 1969-1373) 
101,~ 0 , 0 1.0 5.0 13.0 
mean 1.1 1.1 5.6 8.5 15.8 
 hi&-^ 3.0 3.0 10.0 15.0 20.0 
5-5825 Crane Creek near Easton 
(10 years  1962-1366 & 1969-1973) 
low 0 0. 6 3.0 6.0 12.0 
mean 3.3 4 . 1  7.4 11.5 17.5 
hif:h 7.0 6.0 1 . 0  18.0 23.0 
5-5830 Sangamon River near Oalcford 
(12 years 1957-1961 & 19651966 & 1369-1973) 
1 0 0 1.0 6.0 14.0 
mean 2.5 1.6 5.8 11.5 18.1 
high 8.0 5.0 10.0 18.0 21.0 
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Figure  3 .  V a r i a t i o n  of  wind speed 
s t a t i o n  anemometer, Y1 i s  t h e  he igh t  of  pan anemometer ( 2  f e e t ) ,  
and Y2 i s  t h e  he igh t  of weather s t a t i o n  anemometer. F igure  3  
shows an example o f  t h e  v a r i a t i o n  of d a i l y  wind speed a t  Spring- 
f i e l d  i n  September 1966. The monthly average wind speed a t  5 
weather s t a t i o n s  and t h e i r  corresponding speeds a t  6  f e e t  above 
ground l e v e l  a r e  summarized i n  t a b l e  2 .  
S ince  wind speed d a t a  f o r  s t ream gaging s t a t i o n s  a r e  not  
a v a i l a b l e ,  t h e i r  va lues  were es t imated  by l i n e a r  i n t e r p o l a t i o n  of 
t h e  d a t a  shown i n  t a b l e  2 .  These r e s u l t s  were f u r t h e r  used t o  
determine t h e  v a r i a t i o n  of monthly average wind speed a long  t h e  
main stem o f  t h e  Sangamon River  ( f i g u r e  4 ) .  
ANALYSES 
Trans fe r  C o e f f i c i e n t  
A s u r f a c e  t r a n s f e r  c o e f f i c i e n t  f o r  excess  h e a t ,  D ,  i s  def ined  
(Jobson,  1973) as 
Table 2. Wind Speed ( i n  mph) Observed a t  V a r i c u s  Locations in 
ard near t h e  Sawamon River Basin 
Jan  Feb Mar APr tflW Jun J u l  Aug SeP Oct Nov Dec 
Peoria, I1 (10 years  1964-1973) 
anemometer height  = 20 feet 
a v e r a g e 1 1 . 2  11.1 12.0 12.0 10.1 8.9 7.6 7.6 8.4 9.3 10.3 10.9 
6 feet 8.0 7.9 8.6 8.6 7.2 6.4 5.4 5.4 6.0 6.7 7.4 7.8 
l~u r l i r g ton ,  Ia (11  years  1963-1973) 
anerr~meter height  = 33 feet 
Springfield,  I1 ( 10 years  1964-1973) 
anemometer he i rh t  = 20 feet 
Urbana, I1 (13 years  1961-1973) 
anemometer tiei&t = 55 feet 
average 8.7 0.7 9.2 9.1 7.7 6.4 5.2 5.2 5.7 6.5 7.8 8.2 
6 f e e t  4.6 4.6 4.9 4.8 4.1 3.4 2.7 2.7 3.0 3.4 4.1 4.3 
S t .  Louis, 110 (10 years  1964-1973) 
anemometer height = 20 f ee t  
a v e r a g e 1 0 . 4  10.6 11.5 11.3 9.3 9.0 8.1 8.0 8 . 4 ,  9 .  10.0 10.4 
6 f e e t  7.4 7.6 8.2 8 .1  6.7 6.4 5.8 5.7 6.0 6.6 7.2 7.4 
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where Db i s  t h e  s u r f a c e  t r a n s f e r  c o e f f i c i e n t  f o r  e x c e s s  h e a t  which 
r e s u l t s  f rom back r a d i a t i o n ,  De i s  t h a t  c o e f f i c i e n t  r e s u l t i n g  from 
e v a p o r a t i o n ,  D, i s  t h a t  c o e f f i c i e n t  r e s u l t i n g  f rom c o n d u c t i o n ,  and 
Dw i s  t h a t  c o e F f i c i e n t  r e s u l t i n g  from a d v e c t i o n  by e v a p o r a t e d  w a t e r .  
J o b s o n 1 s  c a l c u l a t e d  r e s u l t  i n d i c a t e s  t h a t  t h e  t r a n s f e r  c o e f f i c i e n t  
i s  n o t  s e n s i t i v e  t o  changes  i n  a t m o s p h e r i c  c o n d i t i o n s .  He deve loped  
a n  e m p i r i c a l  e q u a t i o n  f o r  t h e  t r a n s f e r  c o e f f i c i e n t  as a f u n c t i o n  of  
wind speed  Ua and n a t u r a l  w a t e r  t e m p e r a t u r e  To 
D = ( 7  + 4  U a )  exp (0 .035  To)  ( 9  
A compar ison  between e q u a t i o n  9  and t h e  measured t r a n s f e r  
c o e f f i c i e n t  as shown i n  f i g u r e  5  i n d i c a t e s  t h a t  f u r t h e r  improvement 
of  e q u a t i o n  9  i s  needed.  
I n  o r d e r  t o  minimize t h e  d e v i a t i o n  o f  t h e  c a l c u l a t e d  r e s u l t s  
f rom t h e  measured t r a n s f e r  c o e f f i c i e n t ,  r e g r e s s i o n  a n a l y s e s  were 
made f o r  d i f f e r e n t  r a n g e s  o f  wind speed  and n a t u r a l  w a t e r  temper-  
a t u r e .  It was found t h a t  t h e  t r a n s f e r  c o e f f i c i e n t  i n  c e n t i m e t e r s  
p e r  day  can  be approximated  b e t t e r  by t h e  f o l l o w i n g  f o u r  e q u a t i o n s  
D = ( 8  + 4 . 5  u a )  exp  ( 0 . 0 2 5  T ~ ) ;  o - < u a < - 2 ( 1 0 )  
D = ( 4 . 5  + 5 . 5  U a )  exp (0 .030  T o ) ;  2 ( u a  ( 4  (11) 
D = ( 7  + 4  11,) exp ( 0 . 0 3 5  T o ) ;  4 ( u a  - < 1 0  
D = ( 6  + 4 . 5  u a )  exp  (0 .036 T o ) ;  1 0 ( u a  < 35 ( 1 3 )  
where wind speed  i s  measured i n  m i l e s  p e r  hour  and n a t u r a l  water 
t e m p e r a t u r e  T i n  d e g r e e s  C e l s i u s .  E q u a t i o n s  1 0  t h r o u g h  1 3  p r o v i d e  
b e t t e r  approx?mat ions  o f  t h e  t r a n s f e r  c o e f f i c i e n t  t h a n  e q u a t i o n  9.  
E q u a t i o n s  1 0  t h r o u g h  1 3  a r e  used i n  t h i s  r e p o r t  t o  c a l c u l a t e  t h e  
t r a n s f e r  c o e f f i c i e n t  f o r  e x c e s s  h e a t .  
Excess  Tempera ture  Decay 
A t  any p o i n t  a l o n g  t h e  main s t em o f  t h e  Sangamon R i v e r ,  i t s  
d r a i n a g e  a r e a  Ad i n  s q u a r e  m i l e s  and d i s t a n c e  X i n  m i l e s  downstream 
from Mahomet can  be measured from t o p o g r a p h i c  maps. The r e l a t i o n -  
s h i p  between Ad and X i s  shown i n  f i g u r e  6 .  It c a n  be approximated  
by t h e  f o l l o w i n g  t h r e e  e q u a t i o n s  
These e q u a t i o n s  a l s o  a l l o w  t h e  d r a i n a g e  a r e a  a t  a d i s t a n c e  X 
0 
0 50 100 150 200 
DISTANCE, miles 
Figure  6 .  Re la t i onsh ip  between dra inage  a r e a  and d i s t a n c e  
downstream from Mahomet 
downstream from Mahomet t o  be c a l c u l a t e d .  The wate r  d i s c h a r e e  Q, 
average  f low v e l o c i t y  U ,  and wa te r  dep th  Z a t  t h i s  p o i n t  can  t h e n  
be c a l c u l a t e d  by e q u a t i o n s  4 ,  5 ,  and 6  f o r  a  g iven  f low f requency .  
The n a t u r a l  wa te r  t empera tu re  T and wind speed U can be ob t a ined  
from f i g u r e s  2 and 4 ,  r e s p e c t i v 8 1 y .  With t h e  v a l e e s  of  To and Ua 
a t  a  g iven  l o c a t i o n  i n  a  g iven  month, t h e  t r a n s f e r  c o e f f i c i e n t  f o r  
exce s s  hea t  can be c a l c u l a t e d  by e q u a t i o n s  10 th rough  13 .  After 
D ,  U ,  Z ,  and Q a r e  de te rmined ,  t h e  exce s s  t empe ra tu r e  T can be 
computed by e q u a t i o n  3. The Te t h u s  c a l c u l a t e d  can thefi be used 
a s  t h e  i n i t i a l  exce s s  t empe ra tu r e  f o r  t h e  nex t  r e ach .  Theore t -  
i c a l l y ,  Te can  r e a c h  z e r o  on ly  a t  i n f i n i t y .  I n  p r a c t i c e ,  a  Te 
v a l u e  t a k i n g  i n t o  account  where a  power p l a n t  can be  b u i l t  must 
be s e l e c t e d .  The r e s i d u a l  temperatureaT a t  a d i s t a n c e  X down- 
stpeam from t h e  p r ev ious  power p l a n t  i s  t h e  d i f f e r e n c e  between ~ 
T and T . OnceAT i s  de te rmined ,  t h e  a l l owab le  power p l a n t  a L -  
e o  
c a p a c i t y  EW i n  k i l o w a t t s  can be computed by e q u a t i o n  2 w i t h  Tea 
r e p l a c e d  byAT, i .  e . ,  
The wa te r  d i s c h a r g e ,  f low v e l o c i t y ,  wa t e r  dep th ,  and t r a n s f e r  
c o e f f i c i e n t  va ry  from p l a c e  t o  p l a c e  a long  t h e  Sangamon R i v e r ,  
However, i n  e q u a t i o n  3 ,  i t  i s  assumed t h a t  D ,  U ,  and Z a r e  
c o n s t a n t s  w i t h i n  a  g iven  r each  X .  It i s  nece s sa ry  t o  de te rmine  
t h e  l i m i t  o f  X w i t h i n  which e q u a t i o n  3 can be a p p l i e d  wi thou t  
c aus ing  much e r r o r .  On t h e  b a s i s  o f  f i e l d  e x p e r i e n c e ,  a  
10  p e r c e n t  measurement e r r o r  of  f low v e l o c i t y  and wate r  d e p t h  i s  
t o l e r a b l e .  Computations a r e  c a r r i e d  o u t  a cco rd ing  t o  t h e  f o l l o w i n g  
p rocedu re s :  
1) Determine v e l o c i t y  and dep th  a t  Mahomet f o r  a  g iven  f low 
f requency  by e q u a t i o n s  5 and 6  
2 )  I n c r e a s e  v e l o c i t y  and dep th  by 10 p e r c e n t  and de t e rmine  
t h e i r  co r responding  d r a i n a g e  a r e a ;  t h e  s m a l l e r  o f  t h e  two i s  t h e  
d r a i n a g e  a r e a  a t  t h e  end o f  t h e  f i rs t  r e a c h  ( r e a c h  l e n g t h  can be 
c a l c u l a t e d  by e q u a t i o n  1 4 ,  15 ,  o r  1 6 )  
3 )  C a l c u l a t e  t h e  exce s s  t empe ra tu r e  a t  t h e  end o f  t h e  f i rs t  
r e a c h  by e q u a t i o n  3  w i t h  t h e  a v e r a  e r e a c h  v a l u e s  o f  D ,  U ,  Z and 8 an  i n i t i a l  exce s s  t empe ra tu r e  of 5  F 
4 )  Use t h e  exces s  t empe ra tu r e  o b t a i n e d  from s t e p  3  a s  t h e  
i n i t i a l  v a l u e  f o r  t h e  second r e a c h  and r e p e a t  t h e  computa t ion  
u n t i l  t h e  exce s s  t empe ra tu r e  i s  reduced t o  a  predetermined v a l u e ;  
a s s i g n  a  power p l a n t  t o  t h i s  p o i n t ;  c a l c u l a t e  i t s  a l l o w a b l e  
c a p a c i t y  by e q u a t i o n  17 ;  r a i s e  t h e  exce s s  t empe ra tu r e  back t o  
 OF and r e p e a t  s t e p s  1 th rough  4 u n t i l  r e a c h i n g  t h e  mouth of  t h e  
Sangamon R ive r  
5 )  A t  t h e  j u n c t i o n  o f  two r i v e r s  w i t h  d i f f e r e n t  water 
t e m p e r a t u r e s ,  u s e  a weighted mean t e m p e r a t u r e  based  on t h e  
d i s c h a r g e s  t o  c a l c u l a t e  downstream t e m p e r a t u r e  decay 
F i g u r e  7  shows a n  example o f  t h e  c a l c u l a t e d  r e s u l t s  f o r  
median f low i n  August.  
Cost-Capaci ty R e l a t i o n s h i p  
The s t e a m - e l e c t r i c  p l a n t  c o n s t r u c t i o n  c o s t s  and annua l  
p r o d u c t i o n  expenses  f o r  a l l  major  companies i n  t h e  Uni ted  S t a t e s  
a r e  p u b l i s h e d  a n n u a l l y  by t h e  F e d e r a l  Power Commission (1950-1972). 
Because t h e  c o s t s  depend on t h e  l o c a t i o n s  o f  power p l a n t s ,  o n l y  
t h o s e  p l a n t s  i n  I l l i n o i s ,  Wisconsin,  I n d i a n a ,  and Iowa are i n -  
c luded  i n  t h i s  a n a l y s i s .  These c o s t s  are f o r  l a n d  and l a n d  r i g h t s ,  
s t r u c t u r e s  and improvements,  and equipment ,  The c o s t  f o r  f u e l  i s  
n o t  i n c l u d e d  because  i t  v a r i e s  wide ly  w i t h  i t s  s o u r c e ,  t y p e ,  and 
t i m e  o f  purchase .  I n  o r d e r  t o  a d j u s t  t h e  c o s t s  o f  power p l a n t s  
b u i l t  i n  d i f f e r e n t  y e a r s  t o  t h e  c o s t s  i n  1973,  c o s t  i n d e x e s  based 
on 100 f o r  1913 were o b t a i n e d  from Engineer ing  News-Record (1974) .  
Table  3  summarizes t h e  d a t a  used t o  de te rmine  t h e  1973 u n i t  c o s t s  
of power p l a n t s  i n  and n e a r  I l l i n o i s .  The r e l a t i o n s h i p  between 
u n i t  c o s t  M i n  d o l l a r s  p e r  k i l o w a t t  and g e n e r a t i n c  c a p a c i t y  P i n  
megawatts ( f i g u r e  8 )  can  be e x p r e s s e d  by 
M = 1621 P- 0 .31  ( 1 8 )  
F i g u r e  8  shows t h a t  t h e  ra te  o f  d e c r e a s e  s lows down s i g n i f i c a n t l y  
a f t e r  t h e  power p l a n t  c a p a c i t y  r e a c h e s  400 megawatts .  
DISCUSSION 
A computer program was w r i t t e n  t o  c a l c u l a t e  t h e  t r a n s f e r  
c o e f f i c i e n t s  and amounts o f  e x c e s s  t e m p e r a t u r e  decay f o r  d i f -  
f e r e n t  f low f r e q u e n c i e s  and r e s i d u a l  t e m p e r a t u r e s  i n  e a c h  month. 
The optimum number o f  power p l a n t s  w i t h i n  e a c h  r e a c h ,  t h e i r  c o s t s ,  
and t h e i r  power g e n e r a t i n g  c a p a c i t i e s  c o u l d  t h e n  be de te rmined .  
Tab le  4 shows examples o f  t h e  power c a p a c i t i e s ,  c o s t s ,  and 
numbers o f  p l a n t s  t h a t  cou ld  be b u i l t  a l o n g  t h e  Sangamon R i v e r  
w i t h  d i f f e r e n t  r e s i d u a l  t e m p e r a t u r e s  a t  t h e  median f low f requency  
i n  August.  The l o c a t i o n  column i n d i c a t e s  e a c h  p l a n t ' s  d i s t a n c e  
i n  m i l e s  downstream from Mahomet ( 0 . 0 ) .  C a l c u l a t e d  r e s u l t s  
i n d i c a t e  t h a t  t h e  t o t a l  a l l o w a b l e  power g e n e r a t i n g  c a p a c i t y  a l o n g  
t h e  Sangamon R i v e r  i s  g r e a t e r  when a  power p l a n t  i s  n e a r  t h e  j u n c t i o n  o f  two r i v e r s  because  t h e r e  i s  a  sudden i n c r e a s e  o f  w a t e r  
d i s c h a r g e .  T h i s  i n c r e a s e  can cause  a s i g n i f i c a n t  i n c r e a s e  o f  Q 
and T i n  e q u a t i o n  17 .  The computer program was w r i t t e n  s o  t h a t  
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Table  3. Uni t  Cost o f  Power P l a n t s  i n  and n e a r  I l l i n o i s  
P l a n t  
name 
Cons t ruc t  i o n  Capac i ty  Unit  c o s t  Cost 1973 Cost 
y e a r  Imwl ( $ / k w )  index  f $ / k w )  
I l l i n o i s  
Sabrooke (Rockford)  1950 2 0  267 375 810 
Vermil ion (Oakwood) 1955 6 0  286 469 694 
E.D. Edwards ( B a r t o n v i l l e )  1960 125 228 559 464 
Marion (Marion)  1963 99 184 594 353 
Cof f e e n  ( C O ~  f e e n )  1965 300 132 627 2  4  o 
Kinkaid (Kinka id )  1967 659.7 1 2 1  672 205 
Wisconsin 
Menasha (Menasha) 1950 8.0 209 375 634 
North Oak Creek (Oak Creek)  1954 400 110 446 281 
Rock R i v e r  ( B e l o i t )  1954 7 5  165 446 421 
Stoneman ( ~ a s s v i l l e )  1954 51.8 1 4  4  4  4 6 367 
Weston ( R o t h c h i l d )  1955 6 0 172 417 
Nelson Dewey ( C a s s v i l l e )  1960 100 167 469 55  340 
South Oak Creek (Oak Creek)  1961  550 126 568 252 
New Genoa (Genoa) 1969 345.6 136 790 196 
I n d i a n a  
Tanners Creek (Lawrenceburg) 1951 125 168 401 477 
Whitwater V a l l e y  (Richmond) 1955 30 204 469 495 
F.B. Cul ley  (Yankeetown) 1955 4 0  2  09 469 704 
Dean M i t c h e l l  (Gary)  1957 138 .1  165 509 369 
Gal lagher  (New Albany) 1959 300 150 311 
Breed ( S u l l i v a n )  1960 450 162 559 48 330 
B a i l l y  (Dune Acres )  1963 194 178 594 341 
Warrick (Newburgh) 1966 432 133  650 233 
P e t e r s b u r g  ( P e t e r s b u r g )  1967 261.7 124 672 210 
Iowa 
Br idgepor t  ( E d d y v i l l e )  1953 40.0 2 39 631 
Counci l  B luf f  (Counci l  B l u f f )  1954 44.0 278 431  46 709 
S u t h e r l a n d  (Marshal l town)  1955 ' 60. 199 4  69 483 
Wisdom (Spencer )  1960 37.5  ' 203 559 413 
Montpe l i e r  (Montpe l i e r )  1960 69 .1  162 559 330 
Neal ( S a l i x )  1964 1 4 7 . 1  137 6  1 2  255 
Lqyoadso qu~~d Janod puE ?so3 qyun uaanqaq dyysuoyqe~au '8 aJn8yd 
001 
002 
OOE 
OOP 
C Z
r; 
0 
0 
00s "2 
CL 
0, d 
w 
7 V)
u 
009 
f: 4 
2 w 
'+ 
'+ 
OOL 
008 
006 
0001 
Residual Location 
Distance 
(mil 
0.0 
13.2 
28.2 
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Table 4. Optimum Number of Power P lan ts ,  
Their Costs ami Their  Capaci t ies  
Power Tota l  
capacity capaci ty 
(rmd ) (tm, l 
Tota l  Total  
Cost cost  number of ( l o 6  dollars) ( l o 6  dollars) plan ts  
note: * junct ion of t he  main stem a.xl the  South Fork 
** junct ion of t he  main stm and t he  S a l t  Creek 
when t h e  second power p l a n t  i s  l o c a t e d  w i t h i n  5  p e r c e n t  o f  t h e  
d i s t a n c e  between t h e  f i rs t  power p l a n t  and a r i v e r  j u n c t i o n ,  i t  
i s  assumed t h a t  t h e  second power p l a n t  w i l l  be b u i l t  immediately 
below t h e  j u n c t i o n .  Because t h e  t r i b u t a r i e s  of  t h e  Sangamon 
R i v e r  a r e  small, no power p l a n t  w i l l  be b u i l t  a l o n g  them. 
F i g u r e  9  shows a n  example o f  t h e  r e l a t i o n s h i p  between 
t o t a l  power g e n e r a t i n g  c a p a c i t y  and r e s i d u a l  t e m p e r a t u r e  f o r  
d i f f e r e n t  f low f r e q u e n c i e s  i n  August.  A t  h i g h  f low (F = 0 . 1 ) ,  
t h e  t o t a l  power g e n e r a t i n g  c a p a c i t y  i s  h i g h l y  v a r i a b l e .  Because 
of t h e  h i g h  v e l o c i t y  a t  h i g h  f low,  a small d i f f e r e n c e  i n  r e s i d u a l  
t e m p e r a t u r e  can  cause  s i g n i f i c a n t  d i f f e r e n c e s  i n  power p l a n t  
l o c a t i o n s  and number o f  power p l a n t s .  The p h y s i c a l  makeup o f  t h e  
Sangamon R i v e r  s t r e a m  sys tem a c c o u n t s  f o r  t h e  i r r e g u l a r  shape o f  
t h e  F  = 0 . 1  curve  i n  f i g u r e  9 .  A t  low f lows  (F  = 0 .5  o r  
0 . 9 )  t o t a l  g e n e r a t i n g  c a p a c i t y  i s  l e s s ,  and d e c r e a s e s  s l i g h t l y  
w i t h  i n c r e a s i n g  T v a l u e s .  I n  t h i s  c a s e  i t  i s  more economic t o  
b u i l d  fewer power p l a n t s  w i t h  l a r g e r  i n d i v i d u a l  c a p a c i t i e s  a l o n g  
t h e  Sangamon River .  
The r e l a t i o n s h i p  between t o t a l  power p l a n t  c o s t  and r e s i d u a l  
t e m p e r a t u r e  f o r  d i f f e r e n t  f low f r e q u e n c i e s  i n  August i s  shown i n  
f i g u r e  10 .  With t h e  e x c e p t j o n  of h i g h  f lows ,  t o t a l  power p l a n t  
c o s t  d e c r e a s e s  w i t h  i n c r e a s i n g  r e s i d u a l  t e m p e r a t u r e .  
F i g u r e  11 shows t h e  v a r i a t i o n  o f  t o t a l  power g e n e r a t i n g  
c a p a c i t y  a t  median f low i n  d i f f e r e n t  months. It i n d i c a t e s  t h a t  
t h e  t o t a l  power g e n e r a t i n g  c a p a c i t y  i n  summer i s  h i g h e r  t h a n  t h a t  
i n  w i n t e r .  T h i s  i s  t h e  o p p o s i t e  o f  what one would e x p e c t  b u t ,  
a c c o r d i n g  t o  e q u a t i o n  1 2 ,  t h e  t r a n s f e r  c o e f f i c i e n t  h a s  a  h i g h e r  
v a l u e  i n  summer. Thus, t h e  wa te r  c o o l s  f a s t e r  and t h i s  r e d u c e s  
t h e  r e q u i r e d  d i s t a n c e  between power p l a n t s  s o  t h a t  more can be 
b u i l t  a l o n g  t h e  Sangamon R i v e r .  A s t u d y  o f  t h e  complete com- 
p u t e r  r e s u l t s  f o r  d i f f e r e n t  combinat ions  o f  f l o w s  f r e q u e n c i e s ,  
months, and r e s i d u a l  t e m p e r a t u r e s  i n d i c a t e s  t h a t  a maximum power 
g e n e r a t i n g  c a p a c i t y  can  be  o b t a i n e d  f o r  t h e  Sangamon R i v e r  when 
t h e  r e s i d u a l  t e m p e r a t u r e  i s  w i t h i n  t h e  range  o f  2OF t o  3.5OF. 
Because t h e  t r a n s f e r  c o e f f i c i e n t  f o r  e x c e s s  h e a t  h a s  a lower 
v a l u e ,  and because  w a t e r  d i s c h a r g e  i s  a l s o  low i n  w i n t e r ,  w i n t e r  
i s  t h e  c r i t i c a l  t ime  f o r  a l l o w a b l e  g e n e r a t i n g  c a p a c i t y  of a 
power p l a n t .  
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DIFFERENCE OF RESIDUAL TEMPERATURE FROM THE 5 OF L I M I T  
F i g u r e  11. R e l a t i o n s h i p  between t o t a l  power g e n e r a t i n g  
c a p a c i t y  and r e s i d u a l  t e m p e r a t u r e  
CONCLUSIONS 
Hydrologic  and c l i m a t i c  d a t a  measured i n  and n e a r  t h e  
Sangamon R i v e r  Bas in  were ana lyzed  t o  d e t e r m i n e  t h e  h e a t  
a s s i m i l a t i v e  c a p a c i t y  o f  t h e  Sangamon R i v e r .  The r e s t r i c t i o n s  
were t h a t  w a t e r  t e m p e r a t u r e  canno t  exceed gO°F and t h e  maximum 
a l l o w a b l e  e x c e s s  t e m p e r a t u r e  i s  5 ' ~ .  The f o l l o w i n g  c o n c l u s i o n s  
have been r e a c h e d .  
1) The s u r f a c e  t r a n s f e r  c o e f f i c i e n t  f o r  e x c e s s  h e a t  
depends mainly  on wind speed and n a t u r a l  w a t e r  
t e m p e r a t u r e .  T h i s  c o e f f i c i e n t  can be approximated  
by f o u r  e q u a t i o n s  f o r  d i f f e r e n t  r a n g e s  o f  wind 
speed .  
2 )  The s u r f a c e  t r a n s f e r  c o e f f i c i e n t  f o r  e x c e s s  h e a t  
has  a  h i g h e r  v a l u e  i n  summer t h a n  i n  w i n t e r .  For  a  
g i v e n  f low f requency  and a l l o w a b l e  r e s i d u a l  tempera-  
t u r e ,  t h e  h e a t  a s s i m i l a t i v e  c a p a c i t y  of  a  r i v e r  i s  
h i g h e r  i n  summer t h a n  i n  w i n t e r .  Winter  i s  t h u s  t h e  
c r i t i c a l  t i m e  i n  t h e  d e t e r m i n a t i o n  o f  a l l o w a b l e  power 
c e n e r a t i n a  c a p a c i t y .  
3 )  The a l l o w a b l e  g e n e r a t i n g  c a p a c i t y  o f  a power p l a n t  
can  be h i g h l y  s e n s i t i v e  t o  i t s  l o c a t i o n  a l o n g  a  
r i v e r .  With in  r e a s o n a b l e  d i s t a n c e ,  a  power p l a n t  
shou ld  be l o c a t e d  immedia te ly  downstream o f  t h e  
j u n c t i o n  o f  a t r i b u t a r y  t o  i n c r e a s e  i t s  a l l o w a b l e  
c a p a c i t y .  
4 )  The u n i t  c o s t  p e r  k i l o w a t t  of e l e c t r i c  power o u t p u t  
d e c r e a s e s  w i t h  i n c r e a s i n g  power p l a n t  c a p a c i t y .  
The r a t e  o f  d e c r e a s e  s lows down s i g n i f i c a n t l y  a f t e r  
t h e  power p l a n t  c a p a c i t y  r e a c h e s  400 m e ~ a w a t t s .  
5) The t o t a l  a l l o w a b l e  power g e n e r a t i n g  c a p a c i t y  a l o n g  
a r i v e r  depends on t h e  r e s i d u a l  t e m p e r a t u r e .  A t  low 
f l o w s ,  t h e  t o t a l  a l l o w a b l e  power g e n e r a t i n g  c a p a c i t y  
d e c r e a s e s  w i t h  i n c r e a s i n g  r e s i d u a l  t e m p e r a t u r e .  
6) O p t i m i z a t i o n  t e c h n i q u e s  shou ld  be used t o  s e l e c t  
a  r e s i d u a l  t e m p e r a t u r e  such  t h a t  t o t a l  power Kenera- 
t i n g  c a p a c i t y  a l o n g  a  r i v e r  can be maximized and t h e  
t o t a l  c o s t  can be k e p t  a t  a r e a s o n a b l y  low v a l u e .  
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